(254 nm) [2] . In the present study, the classification of three novel species of the genus Hymenobacter isolated from rocks in Antarctica is reported. Strains designated CCM 8649 T , CCM 8647, CCM 8643 T and CCM 8648 T were subjected to a further taxonomic investigation.
Sampling was carried out by dispersing 1 g of rock sample in 5 ml sterile saline solution, and 200 µl of the suspension was spread on an R2A agar plate (Oxoid) and cultivated at 15 C for 5 days. Afterwards, individual red-pink pigmented colonies were picked up, purified by repeated streaking on R2A medium at 15 C, and the resulting pure cultures were maintained in R2A broth supplemented with 15 % (v/ v) glycerol and stored at À70 C until analysed. Strain CCM 8649
T was isolated from a stone surface covered by lichens (Usnea antarctica) at the Panorama Pass locality (GPS position: 57 50¢ 45 DNA for molecular analyses was extracted by using FastPrep Lysing Matrix type B and a FastPrep Homogenizer (MP Biomedicals) and purified by using the High Pure PCR Template Preparation kit (Roche Diagnostics). A fragment of the 16S rRNA gene corresponding to co-ordinates 8-1542 used for Escherichia coli was amplified by PCR with FastStart PCR Master (Roche Diagnostics) and conserved forward primer pA (AGAGTTTGATCCTGGCTCAG) and reverse primer pH (AAGGAGGTGATCCAGCCGCA) [21] , and purified using a QIAquick PCR Purification kit (Qiagen). Sequencing was performed using the PCR primers and custom primers F1 (GTGGGGAKCRAACAGGATTAG), F2 (CGTCARGTC MTCATGGCCCTT), R1 (ATTACCGCGGCTGCTGGCAC) and R2 (CACATSMTCCMCCRCTTGT) at the Eurofins MWG Operon sequencing facility (Ebersberg, Germany). The sequences obtained were identified using the EzBioCloud database [22] . Phylogenetic analysis was performed using MEGA version 7 software [23] . Genetic distances were corrected using Kimura's 2-parameter model. 16S rRNA gene sequences of other taxa of the genus Hymenobacter retrieved from the GenBank/EMBL/DDJB database, as denoted in the List of Prokaryotic Names with Standing in Nomenclature [14] , were used for the phylogenetic analysis. The evolutionary history was inferred using the neighbour-joining and maximum-likelihood methods, using a bootstrap test based on 1000 replications. Phylogenetic analysis based on the neighbour-joining method (Fig. 1) showed that all strains analysed belonged to the H. soli phylogenetic clade. The maximum-likelihood method confirmed their phylogenetic position (Fig. 1 ).
Whole-genome sequencing was performed to determine the faultless taxonomic position of strains CCM 8649 T , CCM 8643
T and CCM 8648 T in more detail. The purified genomic DNA of isolates CCM 8649 T , CCM 8643 T and CCM 8648
T was used for 400 bp sequencing library preparation as described previously [24] . The samples were loaded on a 318v2 chip and sequenced using the Ion PGM Hi-Q View sequencing kit (Thermo Fisher Scientific) on the Ion PGM system (Life Technologies). Quality trimming and error correction of the reads were performed with the Ion Torrent Suite Software (version 5.0.4). The assembly computation was performed using the plug-in Assembler SPAdes (version 3.1.0). The total length of assembly contained 5 720 607 bp (CCM 8649 T ), 4 682 061 bp (CCM 8643 T ) and 4 268 822 bp (CCM 8648 T ). Assembled contigs larger than 200 bp were used for subsequent analysis.
To evaluate the mean level of nucleotide sequence similarity at the genome level among the isolates CCM 8649 T , CCM 8643 T and CCM 8648 T , an average nucleotide identity (ANI) and a digital DNA-DNA hybridization (dDDH) were determined. The dDDH values were calculated using the web-based genome-to-genome distance calculator (GGDC) version 2.1 [25] , and the recommended formula 2 was taken into account to interpret the results. To calculate the ANI value, the algorithm implemented at the EzGenome server was used (www.ezbiocloud.net/tools/ani) [26] Phenotype testing was performed using cells grown at 20 C for 48-72 h on R2A agar (Oxoid). Liquid cultures were not used because of the poor growth of these isolates in broth medium, which is a common feature of many species of the genus Hymenobacter [5] . Morphology of cells was noted under light microscopy using a BX53 microscope (Olympus). Gram staining was confirmed by using the KOH lysis test method [29] . The morphology of strains CCM 8649 T , CCM 8643
T and CCM 8648 T was observed by transmission electron microscopy (Morgagni 268D Philips, FEI) using samples stained with 2 % ammonium molybdate (Fig. S1 , available in the online Supplementary Material). The gliding motility test was done using a hanging-drop method as described by Bernardet et al. [30] .
The presence of flexirubin-type pigments was investigated using a 20 % (w/v) KOH solution [30] . Spectrophotometric characterization of carotenoid pigments was done from cells grown on R2A agar for 72 h at 20 C. The cells were washed off and rinsed two times using 0.1 M phosphate buffer (pH 7.2). Harvested cells were suspended in an extraction solution composed of equal volumes of acetone, ether and ethanol (96 %). Extraction was done in a shaker for 120 min at 4 C with a shaking interval of 120 swings per minute, and the solution was then centrifuged at 5000 g at 4 C for 20 min. Supernatant was evaporated in a vacuum at ambient temperature, and the evaporation residue was diluted in hexane. A spectrophotometer (Cary 100Bio, Agilent) was used for the spectra measurements. The pigments extracted showed whole-absorbance spectra with two typical major peaks at 275 and 475 nm for strain CCM 8649
T and at 275 and 480 nm for strain CCM 8647 (data not shown). Strain CCM 8643 T had two similar major peaks at 275 and 475 nm, and a less distinct peak at 385 nm. Strain CCM 8648
T showed major peaks at 270
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Clade 2 and 480 nm, with a less distinct peak at 380 nm. The spectra obtained resembled those of b-carotene as described by Burns et al. [31] . The UV-resistance test was performed as described by Hirsch et al. [32] with minor modifications (UVC lamp, R2A agar plates exposed for 5 and 20 min at a distance of 15 cm to a lamp, Serratia rubidaea CCM 4684 was used as a control).
Growth on several media such as plate count agar (PCA; Oxoid), tryptone soya agar (TSA; Oxoid), nutrient agar CM03 (Oxoid), MacConkey agar (Becton Dickinson) and brain heart infusion agar (BHI; Oxoid) at 15 C was evaluated. Anaerobic growth on R2A agar (Oxoid) was tested at 15 C for 72 h using the Anaerocult A system (Merck) and compared with growth of those bacteria cultivated in ambient atmosphere. Growth at different temperatures (1, 5, 10, 15, 20, 25, 30, 35 and 37 C) and tolerance to various concentrations of NaCl (0.5, 1, 2, 3, 4 and 5 %, w/v) were determined based on cultivation on R2A agar plates for up to 6 days. The pH range for growth was tested for 1 week at 20 C on R2A agar plates adjusted to pH 5.0-10.0, at intervals of 1 pH unit, by using the following buffer systems: pH 5.0-8.0, 0.1 M KH 2 PO 4 /0.1 M NaOH; pH 9.0-10.0, 0.1 M NaHCO 3 /0.1 M Na 2 CO 3 [33] . The basic phenotypic classification was performed using traditional key tests applicable for Gram-negative rods. Oxidase (OXItest, Erba-Lachema) and catalase (ID colour Catalase, bioM erieux) activity was tested according to the manufacturers' instructions. Further tests were done as follows: oxidation-fermentation (OF) test [34] , urease [35] , arginine dihydrolase, ornithine and lysine decarboxylase [36] , hydrolysis of aesculin, starch [37] , gelatin, Tween 80 [38] , casein, tyrosine [39] and DNA (CM321, Oxoid), egg-yolk reaction [40] , O-nitrophenyl-b-D-galactopyranoside (ONPG) [41] , nitrate and nitrite reduction, growth on Simmons' citrate agar [37] , and utilization of acetamide [42] and sodium malonate [43] . Motility was observed in a glucose oxidation tube. Further extended phenotyping using identification test kits, GN2 MicroPlate (Biolog), API 50 CH and API ZYM (bioM erieux) according to the manufacturer's instructions, enabled detailed characterization of isolates. Inoculated kits were incubated at 20 C, and the results were read after 18 h (API ZYM) or 24-48 h (GN2 MicroPlate) or 2-8 days (API 50 CH).
Differences in the antibiotic resistance patterns were tested by the disc diffusion method on R2A agar for 2 days at 20 C. Sixteen antibiotic discs generally used for Gram-negative rods [44, 45] were chosen: ampicillin (10 µg), aztreonam (30 µg), carbenicillin (100 µg), cefixim (5 µg), ceftazidime (10 µg), cefalotin (30 µg), ciprofloxacin (5 µg), gentamicin (10 µg), chloramphenicol (30 µg), imipenem (10 µg), kanamycin (30 µg), kotrimoxazol (25 µg), piperacillin (30 µg), polymyxin B (300 U), streptomycin (10 µg) and tetracycline (30 µg) . EUCAST/CLSI standards were followed strictly for cultivation and reading of the inhibition zone diameter.
The comprehensive morphological and biochemical/physiological traits of CCM 8649 T , CCM 8647, CCM 8643 T and CCM 8648
T are summarized in the species descriptions.
The tests distinguishing the suggested novel species from the phylogenetically closest species of the genus Hymenobacter are shown in Table 1 .
Fatty acids methyl ester (FAME) analysis was performed with cells growing on R2A agar (Difco) incubated at 20 C ±2
C for 72 h, where the bacterial communities reached the late-exponential stage of growth according to the four quadrants streak method [46] . Extraction of FAMEs was performed according to the standard protocol of the Sherlock Microbial Identification System (MIDI) [46] . Cellular fatty acid extracts were analysed by a gas chromatograph ( T and of the respective closest phylogenetic neighbours are given in Table S1 . The FAME profiles obtained corresponded to those typically found in other species of the genus Hymenobacter [8, 11, 13] . In comparison with the closest phylogenetic neighbours, strains CCM 8647, CCM 8649 T , CCM 8643 T and CCM 8648 T contained lower amounts of anteiso-C 15 : 0 , whereas the amounts of predominant fatty acids, namely iso-C 15 : 0 , C 16 : 1 !5c and summed feature 3, were similar to those of their closest neighbours.
Quinones and polar lipids were extracted from freeze-dried biomass grown on R2A medium and analysed as described previously [47] [48] [49] [50] . The major respiratory quinone of strains CCM 8647, CCM 8649 T , CCM 8643 T and CCM 8648 T was unanimously menaquinone MK-7, which is in agreement with the description of the genus Hymenobacter [13] . In all four strains, the predominant polar lipid was phosphatidylethanolamine (Fig. S2) . All strains also contained moderate to minor amounts of phosphatidylserine, unidentified lipids L1-L5 and unidentified phospholipid PL1. Additionally strain CCM 8643
T contained moderate to minor amounts of six unidentified lipids lacking a functional group (L6-L8, L12-L14), two unidentified glycolipids (GL1, GL2), an unidentified aminoglycolipid (AGL1) and an unidentified aminolipid (AL1). Additional components in strain CCM 8649 T were lipids L10 and L11, the unidentified aminophospholipids APL1 and APL2, unidentified aminolipids AL1 and AL2, and unidentified phospholipids PL2 and PL3. The polar lipid profile of strain CCM 8647 differed from that of CCM 8649 T qualitatively only by the absence of the minor lipids L10 and L11. These data corresponded again with classification of the genus Hymenobacter as mentioned by Buczolits et al. [11] .
Biomass subjected to polyamine analysis was grown on R2A agar, scraped off the surface, freeze dried and then extracted according to the method of Busse and Auling [51] and analysed by HPLC as reported by Busse et al. [52] . The HPLC equipment used was described by Stolz et al. [48] . In all four strains, sym-homospermidine was found to be the major polyamine. However, compared with other species of the genus Hymenobacter [11] , the polyamine content was significantly lower [0.11-3.33 µmol (g dry weight)
À1 ]. However, these results are in line with the results from polyamine analyses of other bacterial strains grown on agar media, which also showed significantly lower polyamine contents in contrast to those of strains grown in liquid media (H.-J. Busse, unpublished results).
Strains CCM 8643
T , CCM 8647, CCM 8648 T and CCM 8649 T represented psychrophilic, Gram-stain-negative, aerobic, catalase-positive and oxidase-negative, non-fermenting rods with red carotenoid pigments. Subsequently, 16S rRNA gene sequence analysis placed all four strains within the genus Hymenobacter and EZ taxon showed H arizonensis OR362-8 T as the most closely related species, having 16S rRNA gene sequence similarity below 97 %.
Polyphasic investigation of strains CCM 8643
T , CCM 8647, CCM 8648
T and CCM 8649 T using 16S rRNA gene sequencing, chemotaxonomy analysis (polyamines, menaquinone, polar lipids and FAMEs) and extended phenotyping differentiated the aforementioned strains from the type strains representing hitherto described species of the genus Hymenobacter. The results demonstrated that strains CCM 8643 T , CCM 8647, CCM 8648 T and CCM 8649 T isolated from the rock environment in Antarctica represented three distinct species of the genus Hymenobacter for which the names Hymenobacter coccineus sp. nov., Hymenobacter lapidarius sp. nov., and Hymenobacter glacialis sp. nov. are proposed.
DESCRIPTION OF HYMENOBACTER COCCINEUS SP. NOV.
Hymenobacter coccineus sp. nov. (coc.ci¢ne.us. L. adj. coccineus reddish coloured).
Description of the species is based on two strains. Cells are Gram-stain-negative, non-spore-forming rods, non-motile and non-gliding, sporadically longer, occurring predominantly separately or in irregular clusters. Colonies on R2A agar (Oxoid) are circular with entire margin, flat, smooth, glistening, reddish-pigmented and 1-2 mm in diameter after 3 days of cultivation at 15 C. Carotenoid pigments are produced while flexirubin-type pigments are absent. Resistant to UVC irradiation. Growth occurs on R2A agar and weakly on PCA agar in an aerobic atmosphere. No growth is observed on TSA, BHI, MacConkey agar or nutrient agar at 15 C. There is no growth on R2A agar under anaerobic conditions. Growth is observed at temperatures between 5 and 20 C, but not at 25 C. Cells grow at pH 7.0 only. Good growth on R2A medium in the presence of 0.5 % NaCl (w/ v); however, the presence of 1 % NaCl inhibits growth. Glucose is not fermented to acid in OF test medium. Catalase, phosphatase, leucine arylamidase, valine arylamidase, agalactosidase, b-galactosidase, a-glucosidase, b-glucosidase and N-acetyl-b-glucosaminidase are positive by API ZYM. Urease, oxidase, lysine and ornithine decarboxylase, arginine dihydrolase, esterase (C4), esterase lipase (C8), lipase (C14), cystine arylamidase, trypsin, chymotrypsin, naphthol-AS-BI-phosphohydrolase, b-glucuronidase, a-mannosidase and a-fucosidase are negative by API ZYM. Contains summed feature 3 (C 16 : 1 !7c/C 16 : 1 !6c), C 16 : 1 !5c and iso-C 15 : 0 as major cellular fatty acids. The polar lipid profile contains phosphatidylethanolamine as the major compound and moderate to minor amounts of phosphatidylserine, five unidentified lipids (L1-L5), two unidentified aminophospholipids (APL1, APL2), two unidentified aminolipids (AL1, AL2) and three unidentified phospholipids (PL1-PL3). Two additional lipids may be present (L10, L11). The quinone system contains predominantly menaquinone MK-7, and the major polyamine is sym-homospermidine.
The type strain is CCM 8649 T (=LMG 29441 T =P5239 T ). The DNA G+C content of the type strain is 63.1 mol%. Almost all characteristics of the type strain CCM 8649
T are in agreement with the species description. The straindependent test results of CCM 8649 T are as follows: acid is produced from D-arabinose and salicin; no growth at 1 C; negative for acid production from L-arabinose; sensitive to polymyxin B. On the Biolog GN2 MicroPlate, the type strain CCM 8649
T is able to utilize D-sorbitol, but unable to utilize L-arabinose, D-galactose, D-mannose, citric acid, Dgluconic acid or a-D-glucose 1-phosphate. The type strain CCM 8649 T (=LMG 29441 T =P5239 T ) was isolated from lichens on stone while strain CCM 8647 (=LMG 29439=P5059) was isolated from stone fragments on James Ross Island, Antarctica.
DESCRIPTION OF HYMENOBACTER LAPIDARIUS SP. NOV.
Hymenobacter lapidarius sp. nov. (la.pi.da¢ri.us. L. masc. adj. lapidarius belonging to stones).
Description of the species is based on one strain. Cells are Gram-stain-negative, non-spore-forming rods, non-motile and non-gliding, occasionally curved and longer, occurring singly or in irregular clusters. Colonies on R2A agar (Oxoid) are circular with entire margin, flat, smooth, glistening, reddish pigmented and 1 mm in diameter after 3 days at 15 C. Carotenoid pigments are produced while flexirubin-type pigments are absent. Resistant to UVC irradiation. Growth occurs on R2A agar in an aerobic atmosphere, but no growth is observed on BHI, PCA, TSA, MacConkey agar or nutrient agar at 15
C. There is no growth on R2A agar under anaerobic conditions. Growth is observed at 1 C (weakly) 
, urocanic acid, inosine, thymidine, uridine, phenyethylamine, putrescine, 2-aminoethanol, 2,3-butanediol, glycerol, a-D,L-glycerol phosphate, a-D-glucose 1-phosphate and D-glucose 6-phosphate. Sensitive to ampicillin, carbenicillin, cefixim, cefalotin, ciprofloxacin, chloramphenicol, imipenem, kanamycin, kotrimoxazol, piperacillin, polymyxin B, streptomycin and tetracycline. Resistant to ceftazidime and gentamicin, and shows intermediate resistance to aztreonam.
Contains summed feature 3 (C 16 : 1 !7c/C 16 : 1 !6c) and C 16 : 1 !5c as major cellular fatty acids. The polar lipid profile contains phosphatidylethanolamine as the major compound and moderate to minor amounts of phosphatidylserine, 11 unidentified lipids (L1-L8, L12-L14), an unidentified phospholipid, two unidentified glycolipids (GL1, GL2), an unidentified aminoglycolipid (AGL1), and an unidentified aminolipid (AL). The quinone system contains predominantly menaquinone MK-7, and the major polyamine is sym-homospermidine.
The type strain is CCM 8643 T (=LMG 29435 T =P3150 T ). The DNA G+C content of the type strain is 61.0 mol%. Isolated from small stones in Marsovske valley, James Ross Island, Antarctica.
DESCRIPTION OF HYMENOBACTER GLACIALIS SP. NOV.
Hymenobacter glacialis sp. nov. (gla.ci.a¢lis. L. masc. adj. glacialis referring to a polar region).
Description of the species is based on one strain. Cells are Gram-stain-negative, non-spore forming rods, non-motile and non-gliding, occasionally curved and longer, occurring singly or in irregular clusters. Colonies on R2A agar (Oxoid) are circular with entire margin, flat, smooth, glistening, reddish-pigmented and 1.5 mm in diameter after 3 days at 15 C. Carotenoid pigments are produced while flexirubintype pigments are absent. Resistant to UVC irradiation. Growth occurs on R2A, PCA (weakly) and TSA agars in an aerobic atmosphere, but no growth is observed on BHI agar, MacConkey agar or nutrient agar at 15 C. There is no growth on R2A agar under anaerobic conditions. Growth is 
